Regulation of locomotion and motoneuron trajectory selection and targeting by the Drosophila homolog of Olig family transcription factors  by Oyallon, Justine et al.
Developmental Biology 369 (2012) 261–276Contents lists available at SciVerse ScienceDirectDevelopmental Biology0012-16
http://d
n Corr
E-m
1 Pr
2 Prjournal homepage: www.elsevier.com/locate/developmentalbiologyRegulation of locomotion and motoneuron trajectory selection and targeting
by the Drosophila homolog of Olig family transcription factorsJustine Oyallon a,1, Holger Apitz a, Irene Miguel-Aliaga b, Katarina Timofeev a, Lauren Ferreira a,2,
Iris Salecker a,n
a Division of Molecular Neurobiology, MRC National Institute for Medical Research, London, NW7 1AA, UK
b Department of Zoology, University of Cambridge, Cambridge, CB2 3EJ, UKa r t i c l e i n f o
Article history:
Received 3 March 2012
Received in revised form
28 June 2012
Accepted 29 June 2012
Available online 14 July 2012
Keywords:
bHLH transcription factor
Neuron speciﬁcation
Glial development
Motoneurons
Locomotion06 Crown Copyright & 2012 Published by El
x.doi.org/10.1016/j.ydbio.2012.06.027
esponding author. Fax: þ44 816 2109.
ail address: isaleck@nimr.mrc.ac.uk (I. Salecke
esent address: Skirball Institute, New York, N
esent address: The Babraham Institute, Camba b s t r a c t
During the development of locomotion circuits it is essential that motoneurons with distinct subtype
identities select the correct trajectories and target muscles. In vertebrates, the generation of
motoneurons and myelinating glia depends on Olig2, one of the ﬁve Olig family bHLH transcription
factors. We investigated the so far unknown function of the single Drosophila homolog Oli. Combining
behavioral and genetic approaches, we demonstrate that oli is not required for gliogenesis, but plays
pivotal roles in regulating larval and adult locomotion, and axon pathﬁnding and targeting of
embryonic motoneurons. In the embryonic nervous system, Oli is primarily expressed in postmitotic
progeny, and in particular, in distinct ventral motoneuron subtypes. oli mediates axonal trajectory
selection of these motoneurons within the ventral nerve cord and targeting to speciﬁc muscles. Genetic
interaction assays suggest that oli acts as part of a conserved transcription factor ensemble including
Lim3, Islet and Hb9. Moreover, oli is expressed in postembryonic leg-innervating motoneuron lineages
and required in glutamatergic neurons for walking. Finally, over-expression of vertebrate Olig2 partially
rescues the walking defects of oli-deﬁcient ﬂies. Thus, our ﬁndings reveal a remarkably conserved role
of Drosophila Oli and vertebrate family members in regulating motoneuron development, while the
steps that require their function differ in detail.
Crown Copyright & 2012 Published by Elsevier Inc. Open access under CC BY license.Introduction
The generation of coordinated muscle contractions, enabling
animals to perform complex movements, depends on the assem-
bly of functional neuronal motor circuits. Motoneurons lie at the
heart of these circuits, receiving sensory input directly or indir-
ectly via interneurons within the central nervous system (CNS)
and relaying information to muscles in the periphery. During
development neural precursors give rise to progeny that even-
tually adopt unique motoneuron subtype identities (Dalla Torre di
Sanguinetto et al., 2008; Dasen, 2009). Their axons each follow
distinct trajectories into the periphery to innervate speciﬁc target
muscles. Our understanding of the molecular mechanisms that
control the differentiation and respective connectivity of distinct
neuronal subtypes is still limited.
The Olig family of basic Helix–Loop–Helix (bHLH) transcrip-
tion factors in vertebrates includes the Oligodendrocyte lineage
proteins Olig1–3, Bhlhb4 and Bhlhb5 (Bertrand et al., 2002).sevier Inc.
r).
Y 10016, USA.
ridge, CB22 3AT, UK.
Open access under CC BY lAll members play pivotal roles in regulating neural development.
Olig2 controls the sequential generation of somatic motoneurons
and one type of myelinating glia, the oligodendrocytes, from the
pMN progenitor domain in the ventral neural tube (Lu et al.,
2002; Lu et al., 2000; Mizuguchi et al., 2001; Novitch et al., 2001;
Zhou and Anderson, 2002; Zhou et al., 2001; Zhou et al., 2000).
Olig2 mediates progenitor domain formation by cross-repressive
transcriptional interactions (Briscoe and Novitch, 2008; Dessaud
et al., 2007) and motoneuron differentiation upstream of the LIM-
homeodomain containing transcription factors Lim3 (Lhx3) and
Islet1/2 (Isl1/2) (Lee et al., 2004; Lee and Pfaff, 2003; Mizuguchi
et al., 2001; Tsuchida et al., 1994). Downregulation of Olig2
enables Lim3 and Isl1/2 together with the proneural bHLH
transcription factor Neurogenin2 (Neurog2) to activate the
expression of Hb9, a homeodomain protein and postmitotic
motoneuron determinant (Arber et al., 1999; Lee et al., 2005;
Ma et al., 2008). In addition, Olig2 cooperates with the home-
odomain protein Nkx2.2 to promote oligodendrocyte formation
from uncommitted pMN progenitors (Agius et al., 2004; Ligon
et al., 2006; Wu et al., 2006). Olig1 mediates gliogenesis redun-
dantly with Olig2 (Lu et al., 2002; Zhou and Anderson, 2002),
while Olig3 controls interneuron speciﬁcation within dorsal
neural tube progenitor domains (Ding et al., 2005; Muller et al.,icense.
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studies uncovered important requirements of Bhlhb4 in retinal
bipolar cell maturation (Bramblett et al., 2002; Bramblett et al.,
2004), and Bhlhb5 in regulating the speciﬁcation of retinal
amacrine and bipolar cells (Feng et al., 2006), area-speciﬁc
identity acquisition and axon targeting of cortical postmitotic
neurons (Joshi et al., 2008; Ross et al., 2012), as well as differ-
entiation and survival of distinct interneuron subtypes in the
spinal cord (Liu et al., 2007; Ross et al., 2010; Skaggs et al., 2011;
Xu et al., 2002). In Drosophila, genome-wide data base searches
identiﬁed one single family member, called Olig family (Oli)
(Ledent and Vervoort, 2001; Moore et al., 2000; Peyreﬁtte et al.,
2001; Xu et al., 2002), and a recent study described Oli expression
in the embryonic ventral nerve cord (VNC) (Zhang et al., 2008).
However, despite the central roles of vertebrate Olig family
members, the function of their Drosophila counterpart has not
been investigated.
In Drosophila, neurons are derived from stem cell-like neuro-
blasts (NBs). These divide asymmetrically to generate secondary
precursor cells, the ganglion mother cells (GMCs), which divide
once to produce two postmitotic neurons and/or glia (Egger et al.,
2008; Skeath and Thor, 2003). 15 of 30 embryonic NB lineages
give rise to 36 motoneurons in addition to interneurons per
abdominal hemisegment (Landgraf and Thor, 2006b; Thor and
Thomas, 2002). Zfh1 regulates general motoneuron fate acquisi-
tion at the postmitotic level (Garces and Thor, 2006; Layden et al.,
2006). The speciﬁcation of ventrally projecting motoneuron sub-
types is mediated by a combinatorial expression of ﬁve transcrip-
tional regulators—the ﬂy orthologs of Isl, Lim3, Hb9 and Nkx6, as
well as the POU protein Drifter (Dfr; Ventral veinless—FlyBase)
(Broihier et al., 2004; Broihier and Skeath, 2002; Certel and Thor,
2004; Odden et al., 2002; Thor et al., 1999; Thor and Thomas,
1997). Many of these determinants are highly conserved, raising
the question as to whether Oli functions as part of this genetic
network that shapes motoneuron diversity. Although related
molecules in vertebrates and invertebrates appear to mediate
late aspects of glial function, factors that regulate early steps of
gliogenesis and are molecularly and functionally conserved have
so far not been identiﬁed (Freeman and Doherty, 2006). Olig2 is
essential for oligodendrocyte development in vertebrates (Ligon
et al., 2006), and a recent study also implicated the C. elegans
homolog Hlh-17 in regulating gliogenesis (Yoshimura et al.,
2008). Thus, Oli is a potential candidate that could control early
glial development in Drosophila.
Here, we provide insights into the so far unexplored function
of the Oli bHLH transcription factor in the Drosophila nervous
system. Oli is not required in glia; however, taking advantage of
the well-deﬁned embryonic motoneuron lineages and axonal
projections, we demonstrate that oli controls trajectory selection
and muscle targeting of ventral motoneuron subtypes. Moreover,
Oli is expressed in postembryonic lineages, which include gluta-
matergic leg-innervating motoneurons. Loss-of-function experi-
ments revealed that oli is required for larval and adult
locomotion. Chick Olig2 can partially rescue these defects in
adults, highlighting at least one evolutionarily conserved role of
Olig transcription factors in ﬂies and vertebrates.Materials and methods
Molecular biology
pUAST-oli and pUAST-chOlig2 were generated by subcloning oli
cDNA (GH17679; DGRC) into pUAST (Brand and Perrimon, 1993)
using EcoRI-XbaI restriction sites, and Olig2 cDNA (kindly pro-
vided by J. Briscoe) using Asp718-XbaI sites.Drosophila genetics
olimutant alleles were generated bymobilization of the P element
P{GSV2}GS5080 (Kyoto DGRC) inserted into the 50UTR of oli 153 bp
upstream of the translation initiation site. Mutant alleles were
selected by complementation for lethality with the deﬁciencies
Df(2L)H20/CyO, Df(2L)Exel9044/CyO and Df(2L)Exel7069/CyO (Bloo-
mington Stock Center). Primers used for break-point analysis
(Fig. 1B) were: P1 50-ATGCGCGAAGTCATTAGGTC; P2 50-AGT-
GAATGGCGTTCTGTCTG; P3 50-TCAGGGTTGAAAAGGAGCGA; P4
50-AATGCCAGCCGATTTTGCAC.
Progeny of the following lines/crosses, maintained at 25 1C,
were analyzed in: (i) expression and loss-of-function experi-
ments—(1) wild-typeOreR, (2) oliD9/CyO, (3) oliD9/CyO oliD85/CyO,
(4) oliD9/CyODf(2L)H20/CyO, (5) oliD9/CyODf(2L)7069/CyO, (6)
oliD9/CyODf(2L)9044/CyO, (7) twi-Gal4; dMef2-Gal4UAS-
cd8GFP, (8) isl-t-myc, (9) oliD9/CyO; isl-t-myc/TM3 or TM6B, (10)
oliD9/CyO; isl-t-myc/TM6BDf(2L)7069/CyO, (11) lim3A-t-myc,
(12) oliD9/CyO; lim3A-t-myc/TM6B, (13) BarH1-Gal4UAS-cd8GFP,
(14) hb9-Gal4UAS-nGFP; (ii) genetic interaction experiments—(1)
hb9kk30/TM3 or TM6B, (2) hb9kk30/TM3 hb9-Gal4/TM3, (3) oliD9/
CyO; hb9kk30/TM3 or TM6B, (4) oliD9/CyO; hb9kk30/TM3 oliD9/CyO;
hb9-Gal4/TM3; (iii) rescue and gain-of-function experiments—(1)
elav-Gal4c155; oliD9/CyO, (2) oliD9 sca-Gal4G5354/CyO, (3) oliD9/CyO;
repo-Gal4/TM3, (4) OK371-Gal4 oliD9/CyO each crossed to (5) w/Y;
oliD9/CyO; UAS-oliD173/TM3, (6) elav-Gal4c155; oliD9/CyOUAS-
oliD32/Y; oliD9/CyO, (7) elav-Gal4c155UAS-oliD173, (8) sca-
Gal4G5354UAS-oliD173, (9) elav-Gal4c155; oliD9/CyOw/Y;
oliD9/CyO; UAS-chOlig2c12a; for some gain-of-function experi-
ments, wild-type or heterozygous oliD9 siblings over-expressing
UAS-transgenes were tested; (iv) mosaic analysis with a repressible
cell marker (MARCM; (Lee and Luo, 1999))—(1) hs-FLP1 elav-
Gal4c155 UAS-cd8GFP; tubP-Gal80 FRT40A yw/Y; FRT40A, (2) hs-
FLP1 tubP-Gal80 FRT19A FRT19A/Y; OK371-Gal4 UAS-cd8GFP/CyO,
(3) hs-FLP1 UAS-cd8GFP; tubP-Gal80 FRT40AOK371-Gal4 FRT40A,
(4) hs-FLP1 UAS-cd8GFP; tubP-Gal80 FRT40AOK371-Gal4 oliD9
FRT40/Gla Bc; larvae were heat-shocked for 75 min in a 37 1C
water bath 48 h after egg laying; (v) adult leg innervation analy-
sis—(1) OK371-Gal4 FRT40A; UAS-cd8GFP oliD9 FRT40A/CyO; UAS-
cd8GFP, (2) OK371-Gal4 oliD9 FRT40A/CyO; UAS-cd8GFP oliD9
FRT40A/CyO; UAS-cd8GFP. Germ-line clones were generated as
previously described (Chou and Perrimon, 1996). Act-GFP or
Dfd-YFP labeled CyO and TM6B, and Act-GFP TM3 balancers to
enable genotyping of embryos.
For rescue crosses (Fig. 9A), the following theoretical percen-
tages of progeny, which are homozygous for oliD9 (cross 1) and
carry the UAS-transgene and Gal4 driver, are expected (crosses
2—7): (1) 33.3%, (2,3,4,6) 16.6%, (5) 8.3%, and (7) 33.3%. To
compare similarly populated vials in each experiment, 12 females
were crossed to 6 males, and parents were transferred daily into
fresh vials for 5 days.
Immunostaining and antibody generation
Over-night embryo collections were dechorionated and pro-
cessed in the following ways: (1) entire embryos were ﬁxed in 4%
formaldehyde in phosphate-buffered saline (PBS, Invitrogen) for
20 min at room temperature and, subsequent to immunolabeling,
imaged as wholemounts or as ﬂat preparations; (2) alternatively,
embryos selected by stage and genotype were dissected to
generate ﬂat preparations on polylysine-coated slides, essentially
as previously described (Landgraf et al., 1997) and ﬁxed in 4%
paraformaldehyde in PBS for 20 min at room temperature.
The dissected CNS of 3rd instar larvae were ﬁxed in 2% parafor-
maldehyde in 0.1 M L-lysine containing 0.05 M sodium phosphate
buffer for 1 h at room temperature. For immunolabeling, the
Fig. 1. Drosophila oli is required for larval and adult locomotion. (A) DNASTAR CLUSTALW and One Pair amino-acid alignments reveal high sequence conservation within
the bHLH domain of Olig family members as indicated. Dm, Drosophila melanogaster; Mm, Mus musculus; Ce, Caenorhabditis elegans; Gg, Gallus gallus. Black boxes highlight
identical, grey boxes similar residues. (B) Schematic of oli genomic locus and deletions in oliD9 and oliD85 alleles. (C) Percentage of wild-type and oliD9 ﬂies surviving to
indicated stages raised on plates, compared to eclosion rate of oliD9 adults in crowded vials. Error bars: 95% conﬁdence intervals. (D and E) Wild-type mid 3rd instar larvae
(arrowhead, D) dig tunnels (arrow) into fresh plates overnight; oliD9 larvae (arrowhead, E) fail to burrow. (F–I) Adult wild-type and heterozygous oliD9 ﬂies produce regular
traces in leg print assays; 1–3 indicate imprints of the ﬁrst, second and third left or right legs (F and G). oliD9 escapers (H and I) display irregular, shufﬂing steps and often a
dragging leg (arrow). Arrowheads indicate imprints of front legs engaged in grooming. Direction of movement: up.
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(1:10; Developmental Studies Hybridoma Bank [DSHB]); mouse
anti-Dac (1:25; DSHB); rat anti-Drifter (1:2000; Certel and Thor,
2004); mouse anti-Even-skipped (1:10; DSHB); rat anti-Elav
(1:25; DSHB); mouse anti-Fasciclin 2 (1:10; DSHB); mouse anti-
GFP (1:1000; Roche); rabbit anti-GFP (1:200; Molecular Probes);
guinea pig anti-Hb9 (1:500; Broihier and Skeath, 2002); guinea
pig anti-Hunchback (1:400; Kosman et al., 1998); goat anti-
horseradish peroxidase (HRP)–FITC (1:200; Cappel); mouse
mAb24B10 (1:75; DSHB); mouse anti-Miranda (1:50; Ohshiro
et al., 2000); mouse anti-Myc mAb9E10 (1:10; DSHB); rabbit
anti-Myc (1:250; Santa Cruz Biotechnology); mouse anti-Repo(1:10; DSHB). Secondary immunoﬂuorescent antibodies used
were: goat anti-mouse, rabbit, rat and guinea pig F(ab0)2 frag-
ments coupled to FITC, Cy5 (1:200), or Cy3 (1:400) (Jackson
ImmunoResearch Laboratories), and goat anti-mouse AlexaFluor
488 (1:200; Invitrogen). For TOTO-3 staining (Molecular Probes),
samples were incubated for 10 min in a 1:1000 dilution in PBS.
Immunoﬂuorescence images were collected using a Zeiss/Bio-Rad
Radiance 2100 confocal microscope. For light microscopy, a HRP-
conjugated goat anti-mouse secondary antibody (1:200; Bio-Rad)
and 3,30diaminobenzidine as enzymatic substrate were used.
Embryo collections, processed to generate ﬂat preparations after
ﬁxation, were incubated with both FITC and HRP conjugated
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quently subjected to the enzymatic reaction. Images were col-
lected using a Zeiss Axioplan 2 equipped with a Jenoptik ProgRes
C14 digital camera. Live adult leg preparation were imaged using
a Leica SP5 confocal microscope.
To generate a polyclonal antibody against Drosophila Oli, two
peptides ﬂanking the bHLH domain were employed for rabbit
immunizations (Eurogentec): amino acids 68–82 ([C]QPPTDENKPGP-
SAPE) and 218–232 (LLQGPHNEPPTSSS). For embryonic and larval
stainings, antibody dilutions were 1:1000 and 1:2000, respectively.
Survival and locomotion assays
To monitor survival rates under non-crowded conditions,
seven sets of 20–50 wild-type and oliD9 1st instar larvae were
placed on yeast paste-supplemented grape-juice agar plates.
Larvae were transferred daily to fresh plates to facilitate quanti-
ﬁcation. As it was not possible to trace numbers of progeny
through all developmental stages in crowded vials, the percen-
tage of adult oli deﬁcient escapers was obtained from 6 vials.
These each contained 12 females crossed to 6 males, and parents
were transferred daily into fresh vials for 5 days. Leg print assays
were performed as previously described (Maqbool et al., 2006)
and imaged under a Leica MZ16F dissecting microscope using a
LeicaDC500 digital camera. The contrast of images was enhanced
using Adobe Photoshop. The locomotion behavior of 3rd instar
larvae on grape juice plates and of adult ﬂies in Falcon petri dishes
was ﬁlmed using a 3CCD JVC KY-F55B color video camera on a
Leica MZ8 dissecting microscope. Movie clips were collected and
processed using iMovie software. Details of all protocols are
available upon request.Results
oli mutants are semi-lethal and show larval and adult
locomotion defects
Our BLASTP searches of Drosophila annotated proteins with
mouse Olig2 and Bhlhb5 conﬁrmed that the 232 amino-acid long
Oli protein is the single most closely related transcription factor
to the vertebrate Olig family (Bramblett et al., 2002; Ledent and
Vervoort, 2001; Li and Richardson, 2008; Moore et al., 2000;
Peyreﬁtte et al., 2001; Xu et al., 2002). Protein sequence align-
ments of Drosophila Oli, C. elegans Hlh-17 and vertebrate Olig
family members revealed a high degree of homology within the
bHLH domain (63–98%; Fig. 1A).
As basis for functional studies, we generated two independent
null alleles, oliD9 and oliD85, by imprecise P element excision
(Fig. 1B). In oliD9, sequence analysis determined the breakpoints of
a 1.53 kb deletion as 802 bp upstream and 732 bp downstream of
the translation start, thus removing most of the oli locus, includ-
ing the bHLH domain-encoding sequence. In oliD85, a 4.14 kb
deletion extends from 1335 bp upstream of the translation start
to 187 bp downstream of the start of CG5559, removing oli, the
adjacent gene CG6870 and the ﬁrst exon of CG5559.
As 20.1% oliD9 homozygous mutant 1st instar larvae hatched
from randomly selected eggs (n¼887, 9 plates) instead of 25%
expected, we estimated an embryonic survival rate of 80.4%.
When survival during subsequent larval and pupal stages was
monitored under non-crowded conditions by maintaining larvae
on yeast-supplemented agar plates, we observed a reduced
viability of oli mutants relative to wild-type (Fig. 1C). 42% of oliD9
(n¼257) compared to 89% of wild-type adult ﬂies (n¼242)
emerged from pupal cases. The eclosion rate of oliD9 progeny
raised on plates was higher than in populated vials, as on averageonly 3.4% oli deﬁcient adult ﬂies hatched (oliD9/oliD9, n¼1135 total
progeny, 6 vials). Similarly, on average 2% oliD9/Df(2L)H20 progeny
hatched (n¼636 total progeny) in crosses of balanced oliD9
females with Df(2L)H20 balanced males. Thus, oli null mutants
are semi-lethal and eclosion rates are affected by a crowded
environment.
Wild-type 3rd instar larvae prior to the wandering stage
burrow deep tunnels into agar plates (Godoy-Herrera, 1986).
By contrast, oliD9 larvae of the same age remain largely on the
plate surface, indicating that digging behavior is impaired (Fig. 1D
and E). Wild-type larvae move by peristaltic crawling, which entails
coordinated waves of muscle contractions from posterior to anterior
segments (Crisp et al., 2008; Dixit et al., 2008; Suster and Bate,
2002). Video recordings revealed that oliD9 mutant larvae crawl with
irregular, slower strides, and frequently appear to drag their
abdominal segments (Movies S1, S2). All adult oliD9 escapers were
unable to ﬂy and displayed slow, uncoordinated leg movements,
circling and wobbling (Movies S3, S4). In leg print assays (Maqbool
et al., 2006), adult wild-type and oliD9 heterozygous ﬂies (n¼18)
walking on candle-soot coated glass slides leave behind regular
imprints of their three leg pairs, characteristic of an alternating-
tripod gait (Fig. 1F and G). By contrast, traces of oliD9 escapers are
highly irregular because of their uncoordinated leg movements
(n¼10; Fig. 1H and I). Thus, loss of oli leads to larval and adult
locomotion defects that possibly also affect viability and
eclosion rates.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2012.06.027.
Oli is dynamically expressed in the embryonic nervous system
The locomotion defects are likely due to a requirement of oli in
the nervous system. To obtain ﬁrst clues regarding the role of oli,
we examined its expression using an Oli-speciﬁc polyclonal anti-
body (Fig. S1A–C). Consistent with in situ hybridization stainings
(Zhang et al., 2008), Oli protein was speciﬁcally detected in the
embryonic nervous system (Fig. 2A–B’). Co-staining with Miranda
(Mira; (Ikeshima-Kataoka et al., 1997)) showed that Oli is not
expressed at detectable levels in NBs, but is present in some
GMCs (Fig. 2C–D’’). Elav (Embryonic lethal, abnormal vision)
labels primarily differentiated neurons, and transiently NBs and
glia at early stages (Berger et al., 2007; Robinow and White,
1991). Hunchback (Hb), a member of the temporal transcription
factor series, is expressed in early-born NBs, GMCs and postmi-
totic progeny (Brody and Odenwald, 2000; Grosskortenhaus et al.,
2005; Isshiki et al., 2001; Kambadur et al., 1998). Staining with
these markers (Fig. 2E–G’’) revealed wide Oli expression in
differentiated neurons during intermediate embryonic stages
(10–13), including those that are Hb-positive and, thus, early-
born. While expression is downregulated in many neurons during
subsequent stages (14–17), Oli is detected in subsets of neurons,
some of which are later-born, as they are Hb-negative and located
more ventrally within the VNC. Examining 10 embryos (n¼80
hemisegments) at stage 16, we estimated that each hemisegment
contains approximately 37.3 Oli-positive neurons (74.58, 95%
conﬁdence interval). The variability is likely due to the dynamic
nature of the expression pattern. Oli expression was not detected
in embryonic muscles (Fig. 2H–H’’). Hence, the expression in
postmitotic neurons suggests a role for oli in controlling neuronal
development.
oli is not required for glial development
As vertebrate Olig2 is required for oligodendrocyte formation,
we explored a possible function of Drosophila oli in glia. Unex-
pectedly, co-labeling with Oli and the homeodomain protein
Fig. 2. Oli is dynamically expressed in neuronal progeny. (A–B’) Lateral views of wholemount stage 12 and 15 embryos showing that Oli (red) is speciﬁcally expressed in the brain
(br) and ventral nerve cord (VNC). Axonal tracts were labeled with BP102 antiserum (green). (C) Schematic representation of embryonic neurogenesis in Drosophila. NB, neuroblast;
GMC, ganglion mother cell. Ventrally located NBs sequentially express members of the temporal transcription factor series: Hunchback (Hb), Kruppel (Kr), Pou-homeodomain
proteins 1/2 (Pdm) and Castor (Cas). GMCs and to some extent their progeny maintain the expression of the temporal factor present in the NB at the time of their birth. Early-born
progeny are shifted dorsally by later-born neurons. (D–F’’) Stage 12. Oli protein (green) was detected in some GMCs (arrowheads), but not in NBs (arrows) labeled with Mira (red)
(D–D’’). It is widely expressed in postmitotic Elav-positive neurons (red, double arrowheads) (E–E’’). Expression is detected in Hb-positive (blue, double arrowheads) and Hb-negative
neurons (arrowheads) (F–F’’). Asterisks in D’, E’, F’ indicate background labeling in epidermis. (G–G’’) Stage 16. Oli is downregulated in Hb-positive neurons (arrows), but is present in
some ventrally located, later-born neurons (arrowheads). (H–H’’) Stage 16. Oli (red) is detected in neuron subtypes in the VNC, but not in muscles 7, 6, 13 and 12 (asterisks)
visualized with twi-Gal4; dMef2-Gal4 driving UAS-cd8GFP expression (green). Nuclei are labeled with TOTO-3 (blue). (A–G’’) Anterior: left. (H–H’’) Anterior: up; vertical lines: midline.
Scale bars 20 mm.
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Fig. 3. Oli is not expressed in glial progeny and not required for gliogenesis in the embryonic VNC. (A–D’) Stage 16. Repo-positive (red) subperineurial (SPG), cell body
(CBG) and longitudinal (LG) glia (arrows) located in intermediate and dorsal focal planes do not express Oli (green) (A–B’). The number and distribution of SPG, CBG, and LG
Repo-positive glia (red) is similar in wild-type and oliD9; also axonal scaffold organization, consisting of longitudinal connectives (lc), and anterior and posterior
commissures (ac, pc) visualized with HRP-FITC (green), is normal (C–D’). Anterior: up; vertical lines: midline. Scale bars 20 mm.
J. Oyallon et al. / Developmental Biology 369 (2012) 261–276266Reversed polarity (Repo), a broad glial marker (Halter et al., 1995;
Xiong et al., 1994), did not reveal any obvious overlap of
expression in the CNS of stage 10–16 embryos (n¼41; Fig. 3A–B’).
Moreover, staining with Repo and anti-HRP to visualize glia and
axonal tracts did not uncover defects in general scaffold formation in
oliD9 stage 16 embryos (Fig. 3C–D’; see also S1D). In line with the
recent survey of embryonic VNC glia (Beckervordersandforth et al.,
2008), we detected about 25 glial cells per abdominal hemisegment
at characteristic positions in wild-type (24.88 cells/hemisegment;
n¼113; Fig. 3C and C’). Neither the distribution nor the number of
glia were altered in oliD9 embryos (24.53 cells/hemisegment;
n¼118; Fig. 3D and D’), suggesting that oli is not essential for
embryonic gliogenesis.
Oli is expressed in ISNb, TN and SNa motoneurons
Because vertebrate Olig2 is central for somatic motoneuron
development and oli mutant larvae displayed locomotion defects,
we examined next whether Oli-positive subpopulations included
motoneurons. In each hemisegment, axons of motoneuron sub-
types exit the CNS via the intersegmental (ISN), segmental (SN)
and transverse (TN) nerves in a deﬁned pattern (Fig. 4A; (Landgraf
and Thor, 2006a)). Motoneurons within the ISNb, ISNd and ISNL
sub-branches innervate ventral and lateral internal muscles,
while SNa and SNc motoneurons extend to ventral external
muscles. Two motoneurons (TMNs) exit the CNS via the TN at
the dorsal midline and project distally along segment boundaries.
Finally, ISNDM motoneurons connect with dorsal internal muscles.
Ventrally and laterally projecting motoneurons are characterized
by the combinatorial expression of Lim3, Isl, Hb9 and Dfr
(Broihier and Skeath, 2002; Certel and Thor, 2004; Odden et al.,
2002; Thor et al., 1999; Thor and Thomas, 1997), while dorsally
projecting motoneurons express Even-skipped (Eve) and Grain
(Garces and Thor, 2006; Landgraf et al., 1999).Co-labeling of Oli with ventral motoneuron determinants
(Fig. 4B–D12) revealed that at stage 15, 1–2 lateral Oli expressing
neurons are also positive for lim3-t-myc, isletH-t-myc (isl-t-myc),
Hb9 and Dfr and, thus, correspond to ISNb motoneurons. Oli
expression in these neurons is frequently downregulated from
stage 16 onwards. Two more lateral Oli-positive neurons can be
identiﬁed as TMNs, since they are Hb9- and Dfr-negative and
their axons exit via the TN. While medial RP1/3/4/5 neurons
express Oli at stage 13, levels subsequently decrease (Fig. 4E–F’).
Moreover, Oli was detected in BarH1-Gal4-positive SNa moto-
neuron subtypes (Garces et al., 2006) (Fig. 4G–G4). Finally,
co-labeling with Eve did not reveal any apparent overlap with
Oli in the dorsally projecting aCC, RP2 and U1–5 motoneurons and
in pCC and Eve lateral (EL) interneurons (Broihier and Skeath,
2002; Landgraf et al., 1999) at stage 16 (Fig. 4H and H’).
To explore further as to whether Oli-positive neuronal sub-
types in the embryonic CNS include interneurons, we focused on
the well-characterized isl-t-myc-, Hb9-positive serotonergic EW
interneurons (Odden et al., 2002), but did not detect any expres-
sion (Fig. 4I–I’’’). However, Oli was found in some dorsally and
medially located interneurons deﬁned by expression of the
transcription factor Dachshund (Dac) (Miguel-Aliaga et al.,
2004) (Fig. 4J and J’). Together, this indicates that Oli, albeit not
exclusively, is expressed in a subset of ventrally projecting
motoneurons.
oli mutant embryos display motoneuron projection defects
The expression of Oli suggests a possible role in regulating ventral
motoneuron subtype development. We therefore assessed the axonal
trajectories of motoneurons within the CNS and the muscle target
ﬁeld. In wild-type, isl-t-myc-positive motoneuron axons leave the
VNC via the ISN and TN, but not SN branches, that were co-labeled
with Fasciclin 2 (Fas2) (Thor and Thomas, 1997; Van Vactor et al.,
Fig. 4. Oli is expressed in ISNb, TN and SN motoneurons in the embryonic VNC. (A) Schematic representation of ISN, SN and TN motoneuron subtypes, their axonal
trajectories, muscle innervation patterns and deﬁning combination of transcription factors (modiﬁed from Landgraf and Thor, 2006a). a: anterior; LBD, lateral bipolar
dendrite neuron; p: posterior; B, C, D, H represent projections of confocal stacks; panels below show single optical sections. (B–D12) Stage 15. Oli (red), Hb9, Dfr (blue),
lim3-t-myc and isl-t-myc transgenes (green) are co-expressed in 1–2 ISNb motoneurons (arrows) within the lateral cluster (lc, white boxes). Two Hb9- and Dfr-negative
transverse nerve motoneurons (TMNs, arrowheads) express different levels of Oli. (E–F’) isl-t-myc-positive RP neurons (arrowheads) express Oli at stage 13; levels decrease
at stage 16. (G–G4) Lateral (arrows), but not medial SNa motoneurons (arrowheads) labeled with BarH1-Gal4, UAS-cd8GFP express Oli at stage 16. (H and H’) Dorsal aCC,
pCC and RP2 neurons, and U and Eve lateral (EL) neurons at intermediate levels express Eve (green), but not Oli (arrowheads) at stage 16. (I–I’’’) Serotonergic isl-t-myc-,
Hb9-positive EW interneurons (arrowheads) do not express Oli at stage 15. (J and J’) A subset of dorsally and medially located Dac-positive interneurons (blue) co-express
Oli (arrowheads) at stage 16. Hb9 expressing neurons were visualized using hb9-Gal4 and UAS-nGFP (green). Vertical lines: midline. Scale bars 20 mm (10 mm in B1, C1 and D1).
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quently failed to exit via the TN (54.6%, n¼119 hemisegments oliD9;
0.9%, n¼110 wild-type). Strikingly, isl-t-myc-positive motoneurons
ectopically extended axons through the SN branch in oliD9 VNCs
(58.8% hemisegments compared to 0% in wild-type; Fig. 5B, B’’, D, D’’,
I). A similar phenotype was also observed in a oliD9/Df(2L)7069 genetic
background (Fig. S2A–C). These neurons expressed neither Hb9 nor
Dfr (n¼10 stage 16/17 embryos; Fig. 6D–D’’ and F–F’’), suggesting
that their projections corresponded to TMN axons abnormally
extending along the SN.
Trajectory formation in the muscle ﬁeld relies on a tightly
regulated sequence of fasciculation and defasciculation events,
enabling motoneurons to leave their nerve branches and innervate
speciﬁc target muscles. In wild-type, ISNb motoneurons innervate theclefts of muscles 6, 7, 12 and 13. One TMN axon contacts the ventral
muscle 25, whereas the other connects with the ventral process of the
lateral bipolar dendrite (LBD) neuron, a specialized peripheral neuron
contacting the dorsal visceral alary muscles of the heart and aorta
(Gorczyca et al., 1994; Thor and Thomas, 1997). In oliD9 embryos,
ISNb and TN motoneurons exhibited conspicuous muscle targeting
defects (51.7%, n¼176 hemisegments oliD9; 10.5%, n¼124 wild-type)
(Fig. 5E–I, Table S1): (i) ISNb motoneuron axons did not correctly
defasciculate from each other, leading to the stalling of thicker axon
bundles between muscles 6 and 13 and failure to innervate the cleft
between muscles 12/13 (phenotype 1: 19.3% hemisegments oliD9;
4.8%wild-type); (ii) ISNb or TN axons extended processes that formed
abnormal contacts between them (phenotype 2: 27.8% hemisegments
oliD9; 2.4% wild-type); and (iii) LBD/TN neurons extended ectopic
Fig. 5. oli mutant embryos display VNC exit and muscle innervation defects. (A–D’’) Stage 17. In wild-type, TN branches labeled with Fas2 (green) and isl-t-myc (red) exit
from the dorsal VNC surface (A–A’’, arrows). isl-t-myc-positive axons project through the ISN (arrow) but not the SN (C–C’’, arrowhead). Double arrowheads, exit glia.
In oliD9, some isl-t-myc-positive motoneurons fail to exit via the TN (B–B’’, arrowheads), and abnormally extend along the SN (D–D’’, arrowheads). Asterisks in B’, B’’
indicate ISN branches visible in this projection of three optical sections. Anterior: up; vertical lines: midline. (E–H) Stage 17. In wild-type (E), Fas2-positive ISNb
motoneurons innervate the clefts of muscles 6, 7, 12 and 13 (black arrowheads). In oliD9 (F–H), motoneurons axons fail to innervate muscles 13/12 (white arrowheads,
phenotype 1: ISNb), ISNb and TN axons make abnormal contacts (black arrows, phenotype 2: ISNb/TN), or processes from the TN/LBD fascicle project abnormally towards
ventral muscles (white arrows, phenotype 3: TN/LBD). (E–H) Anterior: up; VNC: left. (I) Quantiﬁcation of projection defects. Scale bars 20 mm.
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oliD9; 3.2% wild-type). Qualitatively similar phenotypes were
also detected in oliD9/Df(2L)7069 and oliD9/Df(2L)9044 mutant
embryos (Fig. S2D–H). Thus, in addition to the known determinantsNkx6, isl, lim3, hb9 and dfr, we have identiﬁed oli as a regulator of
ventral motoneuron subtype development, that mediates correct
axon pathﬁnding of TMNs and muscle targeting of ISNb and TN
motoneurons.
Fig. 6. oli and hb9 synergistically regulate ISNb axon targeting. (A–F’’) Stage 17. Expression of lim3-t-myc, isl-t-myc (red), Hb9 and Dfr (green) appears unaffected in oliD9. A, B, C, D, E
and F: projections; adjacent panels: single optical sections. Cells in white boxes originate from an immediately adjacent section. TMNs express lim3-t-myc and isl-t-myc, but not Hb9
and Dfr, and RP neurons express all four markers in wild-type (A–A’’, C–C’’, E–E’’) and oliD9 (B–B’’, D–D’’, F–F’’). lim3- and isl-positive axons, projecting incorrectly into the SN (arrows)
do not express Hb9 or Dfr in oliD9. Hb9 and Dfr are normally expressed in two lateral cells (arrowheads). Anterior: up; VNC: left. l, lateral; m, medial. (G–H’) Stage 17. Eve expression
(red) in aCC, pCC, RP2, U (asterisks) and EL (circled) neurons is similar in wild-type (G and G’) and oliD9 (H and H’). Anterior: up. (I) Quantiﬁcation of U and EL neurons. Error bars: 95%
conﬁdence intervals. (J, K and insets) Stage 17. In hb9, Fas2-positive ISNb motoneurons fail to innervate the cleft between muscles 12/13 (white arrowhead) or abnormally contact
the TN (black arrow) (J). In oliD9; hb9, defects are enhanced (white arrowheads) (K). Insets show largely normally fasciculated Fas2-positive bundles (arrowheads) in the abdominal
CNS of samples shown in J and K. The outer fascicles appear discontinuous likely because of the age of embryos. Anterior: up; VNC: left. (L) Quantiﬁcation of muscle innervation
defects. p¼2.7107 (oli and oli; hb9) and p¼0.0013 (hb9 and oli; hb9) w2-test. Asterisks indicate statistically signiﬁcant differences. Scale bars 20 mm.
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isl, lim3, hb9 and dfr—at least for the so far tested combinations—
are not transcriptional targets of each other in ventral motoneurons
(Broihier and Skeath, 2002; Certel and Thor, 2004). Similarly, when
we examined their expression in wild-type and oliD9 embryos at
stage 17, we did not detect any apparent defects in ISNb and TN
motoneurons (Fig. 6A–F’’). Also homozygous mutant hb9KK30
embryos at stage 14 did not show altered Oli expression at this
resolution (Fig. S3A–B’’).
Vertebrate Olig2 mediates progenitor domain formation
through cross-repressive transcriptional interactions (Briscoe
and Novitch, 2008), and also Eve and Hb9 mutually repress their
expression in distinct neuronal subsets (Broihier and Skeath,
2002; Odden et al., 2002). We therefore examined Eve expression
in wild-type and oliD9 stage 17 embryos, and observed that theFig. 7. Timing and levels of Oli expression are critical for motoneuron axon targeting. (A
clefts of muscles 6, 7, 12 and 13 (black arrowheads). (B) In elav-Gal4c155/þ or Y; UAS-
(double arrowheads) or fail to innervate their correct target muscles 13/12 (white a
asterisks in panels A and B. (E) In sca-Gal4/þ ; UAS-oli/þ embryos, ISNb motoneu
(F) Quantiﬁcation of muscle innervation defects. (G and H) In oliD9 sca-Gal4/ oliD9; UA
motoneurons project normally to their target muscles (black arrowheads); others fail
muscle innervation defects in wild-type, oliD9, elav-Gal4c155/þ or Y; oliD9; UAS-oli/þ an
p¼0.002 (oli and sca-Gal4 rescue) w2-test. Asterisks indicate statistically signiﬁcant difnumber and positions of Eve-positive neurons were unaltered
with 3 aCC, pCC and RP2, 5 U and 8–9 EL neurons detectable per
hemisegment (8.72 EL neurons, n¼22 hemisegments wild-type;
8.68 EL neurons, n¼34 oliD9; Fig. 6G–I). Hence, Oli neither acts
upstream of isl, lim3, hb9 and dfr in the examined motoneuron
subtypes, nor does its own general expression depend on hb9.
Moreover, oli does not inﬂuence the choice of ventral versus
dorsal motoneuron fates. It may thus act in concert with the other
ventral determinants to shape TN and ISNb motoneuron pathﬁnd-
ing and targeting.
To test this hypothesis, we focused on a potential genetic inter-
action between oli and hb9 (Fig. 6J–L, Table S1) in regulating targeting
to muscles. As both hb9KK30 homozygous and hb9KK30/hb9-Gal4
transheterozygous embryos displayed qualitatively similar moto-
neuron projection defects, both genotypes were analyzed. Removal
of oli and hb9 did not lead to an increase of Eve-positive neurons–E, G–H) Stage 17. In wild-type (A), Fas2-positive ISNb motoneurons innervate the
oli/þ embryos, ISNb motoneurons form thick bundles extending short processes
rrowheads). Panels C and D show the SNa projections of segments labeled with
rons fail to innervate their correct target muscles 13/12 (white arrowheads).
S-oli/þ embryos, motoneuron projection defects are partially rescued. Some ISNb
to innervate the clefts of muscles 12/13 (white arrowheads). (I) Quantiﬁcation of
d oliD9 sca-Gal4/oliD9; UAS-oli/þ embryos. p¼0.611 (oli and elav-Gal4 rescue) and
ferences. Scale bars 20 mm.
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of ventral motoneuron projection defects strongly increased in double
mutants (90.9% of n¼54 hemisegments oliD9; hb9) compared to
single mutants (51.7% of n¼176 hemisegments oliD9; 68.4% of
n¼166 hb9). Targeting of ISNb motoneuron axons was most strongly
affected by the loss of both determinants (phenotype 1): While ISNb
axons failed to properly defasciculate and innervate the cleft between
muscles 12/13 in 19.3% (oliD9) and 34.4% (hb9) of hemisegments, the
penetrance of this phenotype was enhanced to 68.5% in oliD9; hb9
double mutants. This suggests that oli and hb9 synergistically regulate
targeting of at least one motoneuron subtype, the ISNb neurons, in
which they are co-expressed.
Timing and levels of oli expression are critical for motoneuron
axon targeting
Because of the transient and dynamic expression in moto-
neuron subtypes throughout embryonic development, we next
tested whether altering Oli expression in the VNC may affect
muscle innervation. We generated transgenic lines for over-
expression of full-length Oli (UAS-oliD173, UAS-oliD32) and con-
ﬁrmed their efﬁciency in eye imaginal discs (Fig. S1C; data
not shown). When elav-Gal4c155 was used to over-expressFig. 8. Oli is expressed in postembryonic leg-innervating neuron lineages. (A) Schematic re
shown in B; green circles, neuroblasts. (B and C) Oli (red) is expressed in individual cells
shown in different focal planes of two samples. Oli is neither expressed in postembryonic
neuropil-associated glia (blue, gl, arrows, E–E’’’). Asterisk, thoracic neuropil labeledwith HR
tubP-Gal80 FRT40A/FRT40A. (H–H’’) OK371-Gal4 MARCM: hs-FLP1 tubP-Gal80 FRT19A/FRT19A
tubP-Gal80 FRT40A/OK371-Gal4 FRT40A. F, G, H, I: projections; adjacent panels: single optic
(small arrow). Most postmitotic progeny (arrowheads), but not the neuroblast (arrows) exp
H’’) Lineage 15 clones, whose neurons extend a thick axon bundle laterally, defasciculate l
Oli-positive offspring, double arrowheads earlier-born larger Oli-negative neurons. (I–I’’) Lin
VNC. These neurons are Oli-negative (double arrowheads). Scale bars 20 mm.UAS-oliD173 strongly in postmitotic neurons, including ISNb
motoneurons, which normally downregulate Oli during late
embryonic development, many hemisegments (49.1%, n¼114)
displayed motoneuron projection defects compared to controls
(Fig. 7A, B, F, Table S1). ISNb axons frequently failed to defasci-
culate and to correctly innervate the clefts between target
muscles (45.6%). As for instance, SNa axons are clearly discernible
(Fig. 7C and D), fasciculation defects are likely not caused by
misrouting of other motoneuron subtypes. Expression with sca-
Gal4, a driver primarily active in NBs, GMCs and to some extent
their progeny (Klaes et al., 1994), caused less severe defects
(27.9%, n¼86; Fig. 7E and F, Table S1). Consequently, expression
with elav-Gal4c155 in an oliD9 mutant background did not rescue,
as 48.6% of hemisegments (n¼105) displayed aberrant projec-
tions (Fig. 7I). However, expression with sca-Gal4 led to a partial
rescue, as the penetrance of targeting defects decreased to 33.6%
(n¼110 hemisegments) compared to 51.7% in oliD9. While ISNb
motoneuron targeting defects remained abundant (phenotype 1:
30.9%), the frequency of aberrant contacts between ISNb and TN
motoneurons decreased to 11.8% (phenotype 2; Fig. 7G–I, Table
S1). These ﬁndings suggest that the tight regulation of timing
and/or levels of Oli activity, especially in ISNb motoneurons, is
essential for correct trajectory formation.presentation of a 3rd instar larval CNS; purple box indicates the thoracic segment area
(double arrowheads), and within lateral (l), intermediate (i) and medial (m) domains
Mira-positive neuroblasts (green, NB, arrows, D, D’) nor in Repo-positive cell body or
P-FITC (green). (F–G’’’’) elav-Gal4c155MARCM: hs-FLP1 elav-Gal4c155 UAS-cd8GFP/þ or Y;
; OK371-Gal4 UAS-cd8GFP/þ . (I–I’’) OK371-Gal4 MARCM: hs-FLP1 UAS-cd8GFP/þ or Y;
al sections. (F–F’’) Lineage 20–22 clone with a thin laterally (l) extending axon bundle
ress Oli. Asterisks indicate Oli-positive neurons adjacent to the clone; m, medial. (G–
ocally (asterisk) and exit the VNC (small arrow). Arrowheads show smaller later-born
eage 24 clone, consisting of about 6 neurons, which extend axons laterally to exit the
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In a second neurogenic phase during larval and early pupal
development, NBs produce adult-speciﬁc neurons, and indeed theFig. 9. oli is required in glutamatergic neurons. (A) Quantiﬁcation of adult eclosion
homozygous for oliD9 lacking the rescuing transgene, (iii) homozygous for oliD9 and cont
monitored in crosses 1–7 are as indicated. (B–K) Gain-of-function (GOF) and rescue l
alternating tripod gait. (C) oliD9 escapers (n¼10) produce irregular traces (n¼10). (D an
the walking pattern is fully rescued (n¼16). (F) Expression with sca-Gal4 rescues the
rescue (n¼8). (H and I) Expression with OK371-Gal4 does not affect walking (n¼8), an
with elav-Gal4c155 does not cause walking defects (n¼9), and rescues the gait; imprintmajority of leg-innervating motoneurons are born during larval life
(Brierley et al., 2009; Brierley et al., 2012). Locomotion behavior thus
depends on the coordinated activity of dedicated neuronal networks,
which arise during embryonic and postembryonic development. Werates. Percentages were determined for progeny: (i) heterozygous for oliD9, (ii)
aining the Gal4 driver and transgene. Gal4 drivers, transgenes and numbers of ﬂies
eg print assays; 1–3, leg imprints. (B) oliD9 heterozygous controls show a normal
d E) Flies over-expressing oli with elav-Gal4c155 produce normal traces (n¼14), and
gait; traces appear slightly irregular (n¼9). (G) Expression with repo-Gal4 fails to
d rescues the gait, albeit not perfectly (n¼17). (J and K) Expression of chick Olig2
s of 3rd legs appear shorter (n¼11).
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requirement that contributes to the adult walking defects.
Examining VNCs of wild-type 3rd instar larvae (Fig. 8A), we
observed that many Oli-positive cells were organized in distinct
lateral, intermediate and medial domains within thoracic neuro-
meres (Fig. 8B and C). Similar to embryonic stages, co-labeling
with Mira and Repo revealed that Oli is primarily expressed in
postmitotic neurons, but not in NBs and glia of postembryonic
VNCs (Fig. 8D–E’’’). At least ﬁve postembryonic thoracic NB
lineages are known to generate motoneurons (lineages 15,
20–22, 24), which in adults innervate muscles within the different
leg segments in a sterotypic pattern (Baek and Mann, 2009; Brierley
et al., 2009; Brierley et al., 2012; Brown and Truman, 2009; Truman
et al., 2004). A number of Oli-positive clones visualized with
MARCM in conjunction with elav-Gal4c155 extended axons leaving
the VNC, thus representing motoneuron-generating lineages
(n¼31/172). 22 clones were identiﬁed as lineages 20–22, which in
addition to many interneurons contain one or two motoneurons
with laterally projecting axons (Fig. 8F–F’’). Most postmitotic pro-
geny were Oli-positive. Moreover, 9 clones shared the characteristic
features of lineage 15 (Fig. 8G–G’’’’), which is solely composed of
about 28–30 motoneurons, exiting the CNS in a thick bundle
projecting to leg imaginal discs ((Truman et al., 2004); lineage A in
(Baek and Mann, 2009)). OK371-Gal4, an enhancer trap insertion
upstream of the vesicular glutamate transporter encoding gene
vGlut, is speciﬁcally expressed in glutamergic neurons during
embryonic and postembryonic development, as well as in adults
(Baek and Mann, 2009; Brierley et al., 2009; Brierley et al., 2012;
Brown and Truman, 2009; Mahr and Aberle, 2006). Analysis of
MARCM clones labeled with this driver conﬁrmed that Oli is present
in lineage 15 motoneurons (n¼9; Fig. 8H–H’’). In these clones, the
younger and slightly smaller progeny expressed Oli, while the larger,
older neurons close to axon bundles were mostly Oli-negative
(Fig. 8G–H’’), suggesting a possible role in subtype speciﬁcation or
connectivity. In contrast, lineage 24 clones consisting of approxi-
mately 6 cells (Brown and Truman, 2009; Brierley et al., 2012) did
not express Oli (n¼5; Fig. 8I and I’). Oli expression is maintained in
the adult VNC in OK371-Gal4-positive clusters, that comprise leg
motoneurons (Baek and Mann, 2009) (Fig. S4B–B’’). Hence, Oli is
expressed in distinct postembryonic neuron lineages that include
leg-innervating glutamatergic motoneurons.oli is required in lineages that include glutamatergic motoneurons
To gain insights into a potential postembryonic function of oli,
we examined MARCM clones lacking oli within the 3rd instar
larval VNC. Consistent with the observation that Oli is not
expressed in NBs, and thus unlikely to control proliferation, oli
deﬁcient lineage 15 motoneuron clones were indistinguishable
from control clones (Fig. S5A–D). We therefore turned to rescue
experiments monitoring adult eclosion and walking. In the post-
embryonic VNC, elav-Gal4c155 is active in all NBs, GMCs and
postmitotic neurons (Fig. S4C–C’’). Compared to 3.4% of escapers
in controls, 23.5% of adult ﬂies, which were mutant for oli and
carried the UAS-oliD173 and elav-Gal4c155 transgenes, hatched in
rescue crosses (Fig. 9A). The percentage is in the range of expected
progeny (see Materials and methods), indicating that the eclosion
rate was signiﬁcantly restored. This was conﬁrmed with a second
independent transgene (UAS-oliD32; Fig. 9A). Oli over-expression
did not cause discernible walking defects on its own and rescued
deﬁcits in an oliD9 background (Fig. 9B–E). Expression in a subset
of postmitotic neurons using sca-Gal4 (Fig. S4D–D’’) signiﬁcantly
restored eclosion rates (14.1%) and improved walking behavior
(Fig. 9A and F). However consistent with the lack of expression in
glia, ectopic expression using repo-Gal4 neither rescued eclosionrates nor the walking defects of oliD9 adults (Fig. 9A and G).
Furthermore, we used OK371-Gal4 to assess the requirement of oli
in glutamatergic lineages. In accordance with our ﬁnding that Oli
is not expressed exclusively in glutamatergic neurons (Fig. S4A–A’’),
we observed a partial, but nevertheless substantial rescue of the
adult hatching rate (13%) and walking gait (Fig. 9A, H, I). Comparison
of the overall muscle innervation pattern by OK371-Gal4 positive
motoneurons in prothoracic adult legs failed to uncover conspicuous
defects in olimutants compared to controls at this level of resolution
(Fig. S5E–I). Finally, as Drosophila Oli and vertebrate Olig2 share 81%
sequence identity within the bHLH domain (Fig. 1A), and Olig2
controls motoneuron formation (Briscoe and Novitch, 2008), we
performed cross-species rescue experiments using a UAS-chickOlig2
transgene. Intriguingly, expression of chick Olig2 with elav-Gal4c155
did not cause any locomotion defects, and considerably rescued
adult hatching rates (17.2%), as well as the walking gait in the
absence of ﬂy oli (Fig. 9A, J, K).
These ﬁndings suggest that the lethality, as well as locomotion
defects in adult escapers can at least partially be attributed to a
functional requirement of oli in postembryonic neuronal lineages
that include glutamatergic motoneurons, but not in glia. More-
over, Drosophila Oli may share some functional similarity with
Olig2 in regulating the formation of neural circuits that control
locomotion, possibly by interacting with or acting upstream of
similar molecular determinants.Discussion
In this study, we provide functional evidence that Drosophila
oli plays a pivotal role in the conserved transcriptional regulatory
network governing motoneuron development, although the dis-
tinct steps requiring its activity differ in ﬂies and vertebrates.
Oli protein is mainly expressed in postmitotic neurons, as well as
in some GMCs during embryonic development. This is consistent
with in situ hybridization labeling detecting high levels of oli
mRNA in postmitotic progeny, in addition to transient expression
in MP2 and 7.1 NBs (Zhang et al., 2008). Oli is also expressed in
postmitotic progeny of postembryonic lineages. By contrast,
vertebrate Olig2 is required in progenitors to promote commit-
ment to a general motoneuron identity (Mizuguchi et al., 2001).
Also Olig1 and 3 largely function in progenitors (Lu et al., 2000;
Muller et al., 2005; Takebayashi et al., 2000; Zechner et al., 2007;
Zhou et al., 2000). Interestingly, Bhlhb4 and Bhlhb5 are expressed
and required in postmitotic progeny of the retina, brain and spinal
cord (Bramblett et al., 2004; Feng et al., 2006; Joshi et al., 2008;
Liu et al., 2007). Thus, with respect to its primarily postmitotic
expression, Drosophila Oli resembles more that of Bhlhb4 and
Bhlhb5 than Olig1–3 in vertebrates.
The dynamic expression of Drosophila Oli is not consistent
with that of a member of the temporal series of transcriptional
regulators (Brody and Odenwald, 2000; Isshiki et al., 2001). With
the latter, neurons largely maintain the determinant they
expressed at the time of their birth. By contrast, Oli is widely
expressed in newly born progeny, but subsequently levels
decrease, and only some subtypes show high expression during
late stages. Vertebrate Olig2 acts as a transcriptional repressor in
homomeric and heteromeric complexes, and expression is down-
regulated in differentiating motoneurons to enable the activation
of postmitotic determinants such as Hb9 by Lim3, Isl1/2 and
Neurog2 (Lee et al., 2005; Ma et al., 2008). Strikingly in ﬂies, Oli
expression decreases in RP and lateral ISNb motoneurons during
embryogenesis and prolonged high expression of Oli elicits
muscle innervation defects, supporting the notion that Oli down-
regulation is critical for its function in some neurons. Oli could
thus act in a dual mode to regulate the differentiation of neuronal
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feature shared with vertebrate Olig2, the second one may require
persistent activity, and possibly be a feature more in common
with Bhlhb4 and Bhlhb5 family members.
Our ﬁndings indicate that Drosophila Oli, unlike vertebrate
Olig2, does not act as a general early somatic motoneuron
determinant. It rather contributes to shaping ventral motoneuron
subtype development as part of a postmitotic transcriptional
regulatory network in concert with Drosophila Lim3, Isl, Hb9
and Dfr (Broihier et al., 2004; Broihier and Skeath, 2002; Odden
et al., 2002; Thor et al., 1999; Thor and Thomas, 1997). This notion
is supported by our ﬁndings that (i) Oli is co-expressed in speciﬁc
combinations with these determinants in differentiated ISNb and
TN motoneuron subtypes; (ii) similar to other ventral determi-
nants, olimutant embryos display distinct axonal pathﬁnding and
muscle targeting defects; (iii) oli does not act upstream of hb9, isl,
lim3 or Dfr; and (iv) oli and hb9 genetically interact, as loss of both
enhances phenotypes in ISNb axons. Because of the proximity of
oli, isl and lim3 genetic loci, it has so far not been possible to
further extend these interaction assays. Some defects observed in
oli mutants, such as failure to innervate the clefts of muscles
12/13 or aberrant contacts between ISNb and TN motoneurons
are qualitatively similar to those observed in isl, lim3, hb9 and dfr,
while the phenotype of isl-t-myc-positive neurons abnormally
exiting the VNC via the SN branch appears characteristic for oli.
Moreover, the connectivity phenotypes observed in oli gain-of-
function experiments were not reminiscent of trajectories of
other motoneuron subtypes. This suggests that although Oli is a
member of the combinatorial code, unlike for instance Dfr (Certel
and Thor, 2004), it does not act as a simple switch between fates.
It may rather act in concert or partially redundantly with these
other determinants in regulating the stepwise process of axon
guidance to ensure robustness of trajectory selection.
Individual transcription factors within an ensemble may regulate
different biological properties to tightly coordinate the differentiation
and synaptic connectivity of a given neuron subtype. As Oli does not
act upstream of Isl, Lim3, Hb9 and Dfr, it may control the expression
of other yet to be identiﬁed transcription factors, or—similar to dfr,
Nkx6 and eve in Drosophila and Bhlhb5 in mice—axon guidance
determinants (Broihier et al., 2004; Certel and Thor, 2004; Labrador
et al., 2005; Ross et al., 2012) or—as reported for Neurog2—
cytoskeletal regulators (Hand et al., 2005; Heng et al., 2008).
Examining Fasciclin 3, N-Cadherin, PlexinA, and Frazzled (Iwai
et al., 1997; Winberg et al., 1998a; Winberg et al., 1998b), we could
not discern any obvious altered expression in the absence of oli (JO, IS,
unpublished observations). Future studies using approaches such as
microarrays will thus be required to identify oli downstream targets
that control subtype-speciﬁc axonal connectivity.
While the role of oli in controlling neuronal development linked
to locomotion appears conserved in Drosophila and vertebrates,
conservation does not extend to glia. Oli is neither expressed in glia
during embryonic or postembryonic development, nor is it essen-
tial for basic glial formation in the embryonic VNC or required in
glia for locomotion. This also applied to other parts of the nervous
system, such as the 3rd instar larval visual system endowed with
large glial diversity (Chotard and Salecker, 2007) (Fig. S4E–G). hlh-
17, the C. elegans Oli homolog, is expressed in cephalic sheath glia
in the brain, and interestingly in some motoneurons in the larval
CNS (Yoshimura et al., 2008). However, as analysis of hlh-17
mutants could not pinpoint any requirement in glial generation
and differentiation possibly due to redundancy with related
factors, the precise role of the worm homolog remains elusive.
Although ensheathing glia can be found in both invertebrates and
vertebrates, myelinating glia have so far only been identiﬁed in
vertebrates (Li and Richardson, 2008). This raises the possibility
that the glial requirement of vertebrate Olig family members couldbe secondary, and Olig2 may have been recruited to collaborate
with additional transcriptional regulators to promote the forma-
tion of myelinating glia. Indeed, Olig2 promotes motoneuron
development together with Neurog2, and subsequently collabo-
rates with Nkx2.2 to enable the generation of oligodendrocyte
precursors and differentiating offspring from newly formed,
uncommitted pMN progenitors (Wu et al., 2006). Interestingly in
cell-based assays, Oli can physically interact with the Nkx2.2
homolog Ventral nervous system defective (Vnd) (Zhang et al.,
2008). Together with our observation that Oli is not essential for
glial development, this suggests that the potential of these deter-
minants to interact is evolutionarily conserved, while the steps
depending on them diverged in ﬂies and vertebrates.
The locomotion defects in oli mutant larvae are likely the
consequence of embryonic wiring defects, whereas the adult
phenotypes may be due to an additional or even sole postem-
bryonic requirement. Unlike the so far identiﬁed widely
expressed determinants Chinmo, Broad Complex or Castor in
the postembryonic VNC (Maurange et al., 2008), Oli expression
is restricted to distinct lineages. That these include motoneurons
is supported by our observations that Oli is detected in postem-
bryonic lineages 20–22 and 15, and expression overlaps with that
of OK371-Gal4 (Baek and Mann, 2009; Brierley et al., 2009;
Brierley et al., 2012; Truman et al., 2004). Moreover, locomotion
defects can be partially rescued by over-expressing oli in gluta-
matergic neurons with this driver. Our initial characterization
raises many new questions regarding the speciﬁc postembryonic
role of Oli. Because of the expression in lineage 15, future
experiments will need to speciﬁcally test, whether oli contributes
to consolidating motoneuron subtype identity by regulating
dendritic arbor-formation or leg muscle innervations with single
cell resolution. The wider expression of Oli and the partial rescue
with OK371-Gal4 further suggest a requirement of oli in lineages
that are part of locomotion-mediating neural circuits beyond
motoneurons. Because of the expression pattern and the severe
walking defects of adult oli escapers, our observations open the
door for future functional studies to unravel the mechanisms that
shape neural circuits underlying adult locomotion.Acknowledgements
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